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Microelectromechanical systems (MEMS) have gained tremendous interest among researchers because of rapid 
development and wide variety of applications . The microsensors are the upcoming field that demand high sensitive 
devices which respond to the environmental changes.The paper describes the fabrication, designing and the performance 
analysis of a germanium material as a Piezoresistive MEMS pressure sensor. This pressure sensor uses double polysilicon 
germanium nanowires to increase the sensitivity of the pressure sensor.The pressure sensor uses circular diaphragm which 
was fabricated using Reactive Ion Etching method . The pressure sensor has a radius of about 500nm and thickness of 
about 10nm.The polysilicon nanowires form a bridge like appearance between the diaphragm and the substrate.Intellisuite 
software is extensively used to carry out the finite element analysis. Finite element method (FEM) is adopted to optimize 
the sensor output and to improve the sensitivity of the circular shaped diaphragm polysilicon germanium nano wire is 
used in place of the conventional piezoresistors. The optimum position is also analyzed to place the nanowire to get 
maximum output. The proposed double polysilicon germanium nanowire pressure sensor gave a sensitivity of about 9.1 
V/VK 
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1. Introduction
          Microelectromechanical sensors are micro-scale devices that enable the operation of complex systems by 
converting physical stimuli from the mechanical, thermal, chemical and optical domains to the electrical domain. 
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MEMS engineers engage technologies across a wide set of scientific disciplines including physics, chemistry, 
material science, integrated circuit fabrication and manufacturing. As a result of its inter disciplinary nature, MEMS 
technology has found use in many industries, especially automotive, medical and aerospace. Research institutions 
and industries have made relentless effort in the past decades in developing smaller and better 
microelectromechanical devices and components. MEMS and microsensor products have become increasingly 
dominant in every aspect of commercial marketplace as the technologies for microfabrication and miniaturization 
continue to be developed given by Patrick Richard Scheeper (2003).
          Microsensors are the widely used MEMS device today. MEMS are a technology that considers micro 
fabrication of microscale devices on semiconductor chips. MEMS devices can replace bulky actuators and sensors 
with microscale devices that can be produced using integrated circuit photolithography. MEMS are made up of 
components between 1 to 100 micrometers in size (i.e. 0.001 to 0.1 mm) and MEMS devices are available in size 
from 20 micrometers to a millimeter. The need for miniaturization has become more prominent than ever, as 
engineering systems and devices have become more and more complex and sophisticated. Miniaturization is the 
only way to have new and competitive engineering systems performing multifunction with manageable size given 
by Zhou (2005). The miniaturized systems have better response time, faster analysis and diagnosis, good 
statistical results, improved automation possibilities with reduced risk and costs. The sensors are built to sense the 
existence and intensity of certain physical parameters and are primarily employed to observe the temporal effects 
of the environment. Early crash sensors for airbag safety systems were merely mechanical switches. Today, 
airbag systems use MEMS sensors that not only measure acceleration, but also provide self-diagnostics and 
integration with other sensors in the vehicle. Other types of MEMS sensors currently undergoing rapid research 
progress include flow sensing for biomedical applications, microphones for portable devices given by Patrick 
Richard et al (2003) and accelerometers for touch screens and gaming given by Bonnie Gray et al (1996). After 
accelerometers, pressure sensors are the most commercially successful class of MEMS sensors. These devices 
employ a broad range of techniques to convert mechanical pressure into electrical signals, such as 
Piezoresistive, capacitive, resonant and strain-gauge resistive sensing. Furthermore, the list of applications of 
pressure sensors has grown tremendously over the past decades. As a result, pressure sensing has developed into 
a market where highly specialized devices can be found for specific needs. The fundamental specification of a 
pressure sensor is its operating pressure range. Other parameters such as physical dimension, resolution, 
reliability, lifespan, environmental compatibility and cost are also important, but there is more subtle 
consideration as well.
     The silicon based pressure sensor is one of the major applications of the piezoresistive sensor. Nowadays,
silicon piezoresistive pressure sensor is a matured technology in industry and its measurement accuracy is more
rigorous in many advanced applications. The fundamental concept of piezoresistive effect is the change in
receptivity of a material resulting from an applied stress. This effect in silicon material was first discovered by
Smith C.S in the 1950’s and was applied extensively in mechanical signal measurement for years. Smith proposed 
the change in conductivity under stress in bulk n-type material and designed an experiment to measure the
longitudinal as well as transverse piezoresistive coefficients. It was found that the germanium material and silicon 
nanowire when made to about 340nm has a good piezoresistive effect. It was proposed that silicon nanowires has 
got seven times the piezoresistive effect than the bulk silicon(11).In this paper, a circular shaped diaphragm with 
nanowire made of polysilicon germanium 
2. MEMS Materials
     The materials that are used for microsystems are mostly semiconductors and are chosen in such a way that they 
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are dimensionally stable; they can be microfabricated and have packaging techniques that are well established in 
microelectronics. New materials for the microstructure applications are developed taking into account the physical, 
mechanical, electrical and thermal properties of the materials.
2.1. Silicon
       Silicon is the material used in manufacturing of semiconductor devices. Silicon is preferred because it is readily 
available and abundant in nature and the cost of silicon is less compared to other metals. Silicon in its crystal form is 
a hookean material which, when flexed virtually has no hysteresis and hence does not have any energy dissipation. 
Silicon is highly reliable as it has very less fatigue and it can be used several times in the range of billions to trillions
of cycle without breakage given by Betty Martin (2013). Silicon is robust in nature. The gauge factor of silicon is 
several orders of magnitude higher than that of any other metal.
Silicon has good mechanical properties that allow it to be used in mechanisms which require large deflections. 
Silicon material has an excellent piezoresistive property. Silicon is almost an ideal structural material and it is 
mechanically stable. Silicon has Young’s Modulus of about 2*105 MPa, which is same as that of steel, but silicon is 
as light as aluminium, with a mass density of about 2.3 g/cm3. Silicon has a melting point of about 1400°C.This high 
melting point makes silicon dimensionally stable even at elevated temperatures. Its thermal expansion coefficient is 
about 8 times smaller than that of steel, and is more than 10 times smaller than that of aluminium. Silicon is an 
elastic material with no plastic or creep below 800°C.These unique features makes it an ideal material for sensors 
and actuators but silicon is a brittle material. 
2.2. Germanium
    The Silicon Germanium is an alloy which consists of any molar ratio of silicon and germanium atoms in it. The 
main characteristics of MEMS systems made by Silicon Germanium are
x Etch-stop properties
x Processing issues
x Safety and environmental considerations
x Compatibility with on-chip integration of electronics
    Silicon-germanium has a smaller band gap than conventional silicon making it extensively the base material for 
heterojunction bipolar junction transistors and as the gate, source/ drain or channel material for CMOS devices and 
as the absorption material for optical or thermal electronics. The silicon germanium technology increases the 
operating speed, reduces electronic noise, lowers power consumption, supports higher levels of integration and 
enables the design of more functional components on a chip.
       SiGe processing is relatively simple because silicon and germanium have similar chemical and physical 
properties. Poly-SiGe has materials properties that are similar to those of poly-Si. In contrast to poly-Si, Poly-SiGe 
can be deposited and crystallized at very low temperatures with good stability, which makes it promising for post-
CMOS integration of MEMS given by Gonzalez. P(2010).
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Fig. 1. The Different Process Steps in Fabrication of Nanowire Pressure Sensor
Fig 2. Double  Nanowire Silicon Germanium Pressure Sensor .
258   S. Mafl in Shaby et al. /  Procedia Materials Science  10 ( 2015 )  254 – 262 
3. Fabrication  of MEMS pressure sensor
   The nanowire pressure sensor has been fabricated using the INTELLIFAB module. The sequence of steps in 
the fabrication process is described in the process table shown in fig 1. To increase the sensitivity of the pressure 
sensor,a double nanowire pressure sensor is designed in such a way that it replaces the conventional piezoresistor of 
the piezoresistive pressure sensor . The nanowire assembly forms a connecting bridge between the diaphragm and 
the pressure sensor. The nanowire pressure sensor diaphragm has been fabricated with circular diaphragm. The 
sequence of steps that are adopted to fabricate the nanowire piezoresistive pressure sensor are tabulated in Fig 1.              
The design of the MEMS nanowire piezoresistive pressure sensor starts from drawing the mask layout of 
different layers involved in the fabrication process by using Intellimask module. Intellimask has been specially 
designed for constructing and editing MEMS device level masks.The layout has an area of about 1400μm X 
1400μm. The mask is used to bulk etch the wafer from the bottom to create a diaphragm structure and nanowire 
assembly. The actual area of the diaphragm after fabrication is about 1000μm X 1000 μm. The wafers on which the 
device has to be fabricated, has to be bulk etched. The isotropic etchants and anisotropic etchants are two types of methods to 
do bulk etching on silicon. Isotropic etchants like HNA (mixture of hydrofluoric acid, nitric acid and acetic acid) will etch 
silicon at the same rate in all the directions whereas anisotropic etchants like TMAH (tetraethyl ammonium hydroxide) and 
KOH (potassium hydroxide) etch silicon much faster in the [100] direction than in the [111] direction given by Bonnie 
Gray.L.(1996). Based on the geometry of the structure, decision is made to select the appropriate etchant. 
Potassium being a contaminant for CMOS processes and could probably attack the oxide layer, they cannot be used 
as etchant. Literature predicts that the most optimistic etch-rate of silicon by TMAH is 1μm/min which means that 
in order to etch a regular 500±25 μm thick wafer to create a diaphragm of 20ȝm, the etch time would be around 8 
hours of continuous etching. 
A smooth surface could be very difficult to achieve with a continuous uniform etch rate and hence it was decided 
that in order to reduce the etch time of silicon and maintain a uniformity in the etch rate, pre-thinned wafers would 
be used. These wafers are available in 200 ȝm thicknesses and would take a maximum of about 3 hours of time for 
bulk-etching.The wafer that is available has been got from the Czochralski technique. Bulk silicon oxide of about 1000nm 
was deposited conformal over the bare silicon wafer. This conformal deposition helps to spread the silicon oxide 
uniformly on the upper surface of the silicon. The oxide layer acts as a mask for silicon etchants. The process of 
growing silicon oxide layer over the silicon substrate is known as thermal oxidation process.
On the layer of SiO2, a thin layer of polysilicon has been deposited. The polysilicon was the structural material 
used in the pressure sensor. The thickness of the polysilicon layer was about 10 nm. Conformal deposition is used so 
that polysilicon spreads uniformly over the insulator.The film was deposited by a method called Low Pressure 
Chemical Vapor Deposition (LPCVD). The process has been carried out in very low atmospheric pressure, so that 
the surface reaction was limited. The method also provided a higher throughput and has very low deposition rate as 
the low temperature is maintained. Then to obtain a silicon germanium double nanowire pressure sensor a silicon 
germanium layer has been deposited using chemical vapor deposits and the layer has been doped through ion 
implanation of boron with dosage between 4x103cm-2.A silicon nitride film of 200nm has been deposited on the 
silicon wafers in order to act as an insulating layer to the polysilicon layer that was deposited previously. Silicon 
nitride has been mainly used for insulation purpose because it behaves as a nearly impervious barrier to diffusion 
and protects the layer beneath it. The film was deposited by a method called Low Pressure Chemical Vapor 
Deposition (LPCVD).
The silicon nitride film deposited on the wafer acts as a barrier for the polysilicon layer. The silicon nitride layer 
has to be etched in order to make the polysilicon layer contact with the aluminum layer. Before etching, the whole 
substrate has to undergo a process called lithographic process. Photolithography was carried out on the wafers to 
transfer the patterns onto the wafer for further etching.The pattern formed is used to etched Si3N4 from inside of the 
wafer. The etching was carried out using Reactive Ion Etching (RIE) method. Reactive Ion Etching (RIE) is 
an etching technology used in microfabrication of microsystems. Dry etching was typically 5 times faster than the 
wet etching. Aluminum of 1000nm thickness was deposited to make contact with the nanowire which acts as 
resistors of the pressure sensor. On the aluminum, the photoresist layer was coated and the lithographic masking has 
been done, which when exposed to UV radiation, helps to etch the aluminum. Lithographic masking has been done 
from the bottom of silicon substrate and by using RIE process silicon substrate along with SiO2 was etched out. The 
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process of etching has been done to develop the diaphragm for the pressure sensor.
The polysilicon diaphragm released was masked again using the mask layout . The polysilicon was patterned to 
make the thin wire like structure that forms a bridge between the diaphragm and the silicon substrate. The nanowire 
formed connects the diaphragm with the aluminum metal. After masking, using lithographic process, the polysilicon 
was etched from outside. The Fig 2 shows the complete pressure sensor after performing reactive ion etching (RIE) 
to release the nanowire assembly
4. Simulation Result and Discussions
The sensors are used for measuring physical parameters and are primarily employed to observe the temporal 
effects of the environment. Silicon piezoresistive pressure sensors are used in various engineering applications. They 
have the advantages of being used in most of the commercial applications because of its small size, low power, good 
performance and mass production. To improve the sensitivity and to decrease the area of the chip, a circular shaped 
diaphragm with double nanowire piezoresistive pressure sensor has been fabricated. The fabricated pressure sensor 
has a circular diaphragm of 1000 nm diameter cross section area. The thickness of the diaphragm was about 10nm.
The polysilicon nanowire is connected across the freely suspended diaphragm and the substrate so as to form a 
bridge like structure. Each of the nanowires is 10nm thick, and they were placed in the center of the sides of the 
diaphragm. In each side of the diaphragm, there were two nanowires each 10nm apart from each other in case of 
double nanowire assembly. 
Maximum stress occurs at the center of the sides of the diaphragm and these nanowires were positioned in such a 
way that the nanowires were lying in the high stress area of the diaphragm so that maximum piezoresistive effect 
can be realized. The piezoresistors were replaced by double nanowire assembly. It has been shown that, silicon 
nanowire which had the width or thickness of 340 nm has good piezoresistive effect given by Reck et al (2008). 
Particularly the silicon submicron assembly  of 140 x 200 nm2 size has been reported to have seven times more 
piezoresistive effect than bulk silicon given by Toshiyuki Toriyama(2002). Fig 2. shows a double nanowire pressure 
sensor coated with a thin layer of 0.1μm silicon germanium material.
Fig 3.The Resistance Change Versus Pressure of a Double Silicon Germanium Nanowire Pressure Sensor
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Fig 4. The Output Response of a Double Silicon Germanium Nanowire Pressure Sensor
Fig 5. The Displacement Versus Pressure Response of a Double Silicon Germanium Nanowire Pressure Sensor
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Fig 6. Comparison Between Bulk Silicon and Double Silicon Germanium Nanowire Pressure Sensor
The nanowire pressure sensor is exited by 1V power supply. When an external pressure is applied to the 
diaphragm of the nanowire pressure sensor, the resistance of the nanowire changes which in turn drives the 
Wheatstone bridge to give an output voltage. Fig 3. shows the change in resistance of the nanowire assembly. Fig 4.
depicts the output response of the nanowire pressure sensor. Fig 5. illustrates the deflection of the nanowire pressure 
for an applied pressure. Fig 6.depicts the change in the resistance value of the circular shape nano wire pressure 
sensor with silicon germanium materials and bulk piezoresistive pressure sensor given by Kim.J.J (2009).It has been 
seen that the silicon germanium pressure sensor showed a great variation in resistance than the bulk silicon pressure 
sensor. The silicon germanium nanowire pressure sensor has a sensitivity of 9.1V/V.KPa
5. Conclusion
To  increase the sensitivity of the piezoresistive pressure sensor, a nanowire pressure sensor is designed and 
simulated. The piezoresistor of the sensor has been replaced by the nanowire assembly. The double nanowire 
pressure sensor shows an increase in piezoresistive effect which was greater than seven times that of the bulk silicon 
pressure sensor. The fabricated circular shaped diaphragm with double nanowire pressure sensor of 1000nm 
diameter made of silicon germanium material and thickness of 10nm has enhanced the sensitivity to 9.1 V/V.Kpa 
comparing the bulk piezoresistive pressure sensor which was 38.5 mV/V.Kpa. It has been reported that as the 
thickness of the diaphragm is reduced there was an increase in sensitivity, but the nonlinearity effect predominates. 
So in order to make a proper design of a pressure sensor, diaphragm thickness has to be considered. As the 
piezoresistive effect depends on temperature, while we decrease the thickness of the diaphragm, the effect of 
temperature also dominates. So it becomes important to design a temperature compensation circuit in the chip. Even 
though there is an increase in piezoresistive effect brought about by polysilicon, the piezoresistive effect due to 
crystalline silicon germanium is incomparable. Moreover the piezoresistivity of polysilicon pressure sensor largely 
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depends on the fabrication process. This enables fabrication of high sensitivity devices and their fabrication 
complies with conventional micro fabrication techniques.
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